Fifty-nine Staphylococcus aureus isolates and 1 isolate of Staphylococcus intermedius were typed by investigators at eight institutions by using either antibiograms, bacteriophage typing, biotyping, immunoblotting, insertion sequence typing with IS257/431, multilocus enzyme electrophoresis, restriction analysis of plasmid DNA, pulsed-field or field inversion gel electrophoresis, restriction analysis of PCR-amplified coagulase gene sequences, restriction fragment length polymorphism typing by using four staphylococcal genes as probes, or ribotyping. Isolates from four well-characterized outbreaks (n = 29) and a collection of organisms from two nursing homes were mixed with epidemiologically unrelated stock strains from the Centers for Disease Control and Prevention. Several isolates were included multiple times either within or between the sets of isolates to analyze the reproducibilities of the typing systems. Overall, the DNA-based techniques and immunoblotting were most effective in grouping outbreak-related strains, recognizing 27 to 29 of the 29 outbreak-related strains; however, they also tended to include 3 to 8 epidemiologically unrelated isolates in the same strain type. Restriction fragment length polymorphism methods with mec gene-associated loci were less useful than other techniques for typing oxacillin-susceptible isolates. Phage typing, plasmid DNA restriction analysis, and antibiogram analysis, the techniques most readily available to clinical laboratories, identified 23 to 26 of 29 outbreak-related isolates and assigned 0 to 6 unrelated isolates to outbreak strain types. No single technique was clearly superior to the others; however, biotyping, because it produced so many subtypes, did not effectively group outbreak-related strains of S. aureus.
Staphylococcus aureus continues to be a major cause of both nosocomial and community-acquired infections (9, 24, 43) . Consequently, microbiologists are frequently asked to determine the relatedness of staphylococcal isolates collected during the investigation of an outbreak or as part of an ongoing surveillance system. While there are many different methods for typing S. aureus, not all methods divide groups of strains in a similar fashion (2, 8, 17, 20, 29, 30, (35) (36) (37) 42) . Unfortunately, few studies have evaluated a broad sample of isolates or directly compared multiple techniques. Nonetheless, data from several studies suggest that phenotypic markers, such as biotypes or antimicrobial susceptibility patterns, are more likely to change over time than are the results of techniques, such as pulsed-field gel electrophoresis (PFGE) or multilocus enzyme electrophoresis (MLEE) (2, 6, 12, 13, 30, 37, 38, 42, 46) .
Maslow et al. (26) have characterized typing systems using five criteria: typeability, reproducibility, discriminatory nically demanding MLEE method, for discriminating among methicillin-susceptible and methicillin-resistant isolates.
MATERIALS AND METHODS
Bacterial strains. Fifty-nine isolates of S. aureus, including isolates from four well-documented outbreaks and one pseudo-outbreak, were included in the study. One isolate of Staphylococcus intermedius was also included as a control to determine whether the various techniques could discriminate this organism, which can give a positive slide coagulase test and has colonies that may resemble S. aureus, from true S. aureus isolates. The identification of all isolates used in the study was confirmed by using standard biochemical methods (21) .
Description of the three sets of isolates. The isolates were divided into three sets to facilitate analysis. Set A contained a cluster of nine S. aureus isolates from two nursing homes that were originally thought to represent dissemination of a single strain. All were found to be of group III by bacteriophage typing. However, additional epidemiologic investigations could not establish a link among the patients. Thus, the group of isolates is referred to as the isolates involved in a pseudo-outbreak. The isolates SA-01 and SA-02 (Table 1) were also included in set A as SA-09 and SA-15, respectively. The remaining nine isolates in set A included S. aureus ATCC 12600 (American Type Culture Collection, Rockville, Md.) ( Table 1 , SA-04) and seven unrelated isolates of S. aureus from the strain collection of the Centers for Disease Control and Prevention (CDC) from seven different states. Among these isolates were three strains (SA-12, SA-18, SA-20) that were bacteriophage type 47/54/75/77/83A and that were collected from three different states during 3 different years. The final isolate in the set (SA-16) was S.
intermedius ATCC 49052.
Set B contained strains from outbreaks I and II, eight epidemiologically unrelated isolates, and S. aureus ATCC 12600 (SB-07). Outbreak I represents dissemination of a methicillin-resistant strain of S. aureus in the Iowa Veterans Affairs Medical Center (34) . The outbreak cluster comprised seven isolates obtained from patients during June through August 1985; all infections met the National Nosocomial Infections Surveillance Study definitions (11) . The outbreak isolates were originally defined on the basis of an epidemiologic investigation in the hospital and the plasmid restriction profiles of the isolates. Six additional epidemiologically unrelated isolates from the same hospital that were collected after the epidemic period were included as controls. Two of these isolates (SB-01, SB-16) were obtained from patients who had no obvious epidemiologic link to outbreak patients, although they were admitted to the same surgical service in the hospital, but after the outbreak period. These isolates had the same base plasmid restriction profiles as the outbreak strain but showed additional bands that represented acquisition of a new, low-molecular-size plasmid. The other four isolates were epidemiologically unrelated.
Outbreak II isolates were from the CDC collection and represented an outbreak of a methicillin-susceptible strain of S. aureus related to a contaminated anesthetic (7) . Four isolates were in this cluster; three (SB-02, SB-04, SB-06) were from the same patient, and the fourth (SB-11) was from a different patient. The isolates were originally classified by bacteriophage typing as being part of the outbreak. Two additional isolates of the same bacteriophage type as those in outbreak II, but unrelated to the cluster, were provided as controls by Barbara Robinson, Michigan State Department of Health, East Lansing.
Set C contained isolates from outbreaks III and IV, an unrelated control strain of S. aureus that originally had a bacteriophage type similar to those of the isolates in outbreak IV, although it was nonreactive on repeat testing (SC-08), and S. aureus ATCC 12600 (SC-03). Outbreak III contained 10 isolates of a methicillin-resistant strain of S. aureus from an outbreak at the Sepulveda Veterans Affairs Medical Center, Sepulveda, Calif. (15) . The isolates were obtained from cultures of hip wound, sputum, nose, or axilla samples from eight patients identified by infection control criteria as being part of the outbreak. One of the isolates was repeated within the set (SC-17, SC-20), and two samples for culture were taken from the same patient on the same day but from different sites (SC-14, SC-15). All isolates were collected within a 2-month period and were initially classified by immunoblotting as being outbreak related. Outbreak IV isolates were from another anesthetic-related outbreak of methicillin-susceptible S. aureus (7) . The eight outbreakrelated isolates, all from cultures of blood or wound specimens from separate patients, were provided by the Texas State Health Department and were originally classified by bacteriophage typing as being outbreak related.
Antibiograms. Antibiograms were determined by disk diffusion by using the following antimicrobial agent-containing disks: amoxicillin-clavulanate (20/10 ,ug), chloramphenicol (30 ,ug) , ciprofloxacin (5 ,ug), erythromycin (15 ,g ), gentamicin (10 ,ug), minocycline (30 ,ug) , oxacillin (1 ,ug) , penicillin (10 U) , rifampin (5 p,g), tetracycline (30 ,g) , and trospectomycin (30 jig). Plates were inoculated and zone sizes were interpreted as described by the National Committee for Clinical Laboratory Standards (32) . The mean zone diameter was determined for each set of 20 organisms, and all zone diameters within ±2 mm of the mean were arbitrarily considered identical. Zone sizes of >2 mm from the mean were considered indicative of a different strain. Strains were given different letter designations if two or more of the antimicrobial agents tested had zone diameters of >2 mm from the mean for that drug. Strains that differed by a single antimicrobial agent were numbered as subtypes (e.g., Al). Oxacillin MICs were determined by the broth microdilution method with Mueller-Hinton agar (Becton Dickinson Microbiology Systems) as described previously (31) .
Bacteriophage typing. Bacteriophage typing was performed as described previously by using the international bacteriophage typing set (4, 20) and was then hybridized sequentially with four probes that targeted the following genes or transposons: mec, Tn554, agr, and aph(2")-aac(6'). Control strains of methicillin-resistant S. aureus were run on each gel. The mec-specific probe patterns were designated I to V, the TnS54-specific probe patterns were designated A to Y, the staphylococcal accessory gene regulator probe (agr) produced patterns designated 1 to 7, and the aph(2")-aac(6') aminoglycoside resistance gene probe produced two different patterns (a and b).
IS probe typing. Insertion sequence (IS) typing is based on the restriction polymorphisms obtained by using IS257/431 sequences as a probe (3). DNA was extracted and hybridized as described previously (22) Goering and Winters (14) . DNA samples were digested in duplicate with SmaI and electrophoresed through agarose gels with switching times to separate fragments of 250 kb on one gel and fragments of <50 kb on a second gel (44) . Three or more band differences were interpreted as indicative of strain differences. An isolate that demonstrated a change in a single band when it was compared with another isolate was considered to be a subtype of the first isolate.
Immunoblotting. Immunoblotting was performed as described by Tsang et al. (41) . Briefly, EDTA extracts of S. aureus cell surface proteins were prepared from cultures grown for 24 h at 35°C in brain heart infusion broth (Becton Dickinson Microbiology Systems). Samples were subjected to polyacrylamide gel electrophoresis (5% stacking gel and 12.5% running gel) for 6 h and were transferred to nitrocellulose in a Trans blot chamber (Bio-Rad Laboratories, Richmond, Calif.) as described previously (41) . The antibody source was a 1:50 dilution of pooled human serum (from 50 patients), and detection of protein bands was achieved by using peroxidase-conjugated goat anti-human immunoglobulin G, which was subsequently reacted with a mixture of 50 mg of 3,3'-diaminobenzidine and 0.1 ml of 3% hydrogen peroxide.
MLEE. MLEE was performed as described by Selander et al. (38) (38, 39) by using a SAS program described by Jacobs (19) . Strains were delineated at a genetic distance of 0.1 and were assigned letter and number designations reflecting their relative relatedness. No subtypes were designated.
PFGE. PFGE was performed as described by Maslow et al. (27) by using the enzyme SmaI, and the results were interpreted as described by Arbeit et al. (1) . All isolates within a set were compared in a single gel; each set was evaluated by at least two independent electrophoretic runs. Gels were stained with ethidium bromide and photographed under UV Ease of use and interpretation. Antibiograms and biotypes were the simplest methods to perform and their results were the simplest to interpret; no equipment was required. Phage typing was easy to perform, but titering and maintaining stocks were very laborious. Interpretation of phage typing results was difficult when multiple, related patterns were observed. An inoculator for dispensing the phages to the bacterial lawns proved to be invaluable for reproducibility.
Of the DNA-based methods, plasmid restriction analysis was the easiest to perform; only several relatively inexpensive pieces of equipment were needed, including an electrophoresis chamber, a power supply, a transilluminator, and a camera system. Interpretation required merging of two sets of patterns (HindIII and EcoRI); however, this required only minimal subjective interpretive steps. Ribotyping, PFGE, and FIGE generated patterns of 15 to 20 bands which occasionally included partial restriction products, doublet bands representing two or more fragments of approximately the same size, and faintly staining bands of low molecular size. These problems made interpretation of the banding patterns more subjective than interpretation of plasmid restriction patterns or the RFLP and IS typing schemes, which resulted in fewer bands per pattern. The more complex the pattern, the greater the expertise required for interpretation. PFGE and FIGE both required preparation of DNA in agarose blocks and the use of specialized electrophoretic equipment. PFGE equipment costs several thousands of dollars more than FIGE equipment, but banding PFGE patterns are typically more distinct than FIGE patterns. Unlike PFGE, FIGE required two separate gels to resolve high-and low-molecular-size fragments; however, in several instances, the low-molecular-size FIGE gel allowed differentiation of strains that appeared to be identical by PFGE. (2, 9, 13, 17, 30) . In our study, most subtypes, i.e., changes in disk diffusion zone sizes for a single antimicrobial agent, were not significant. Therefore, changes in the zone sizes around disks for two or more antimicrobial agents must be observed before two isolates can be considered to be different strains. This highlights the instability of resistance patterns in S. aureus, which is probably at least partially related to changes in plasmid content (see below). Although we used 12 antimicrobial agents, trospectomycin was not helpful in discriminating among strains and could be eliminated. Antibiogram typing is the least expensive typing method and could be considered, especially in small laboratories, as an initial screen to determine strain relatedness.
Although biotyping works well for coagulase-negative staphylococci (18) Plasmid analysis was the first DNA-based method to be applied to S. aureus, and it has been used in a number of outbreak investigations (2, 12, 17, 29, 34, 44, 46) . Although used extensively, the relative stability of staphylococcal plasmids has often been debated. In our study, the specificity of the technique was high; none of the epidemiologically unrelated isolates were misclassified. However, plasmid typing showed only moderate reproducibility. One replicate (SA-09) within one of the duplicate pairs demonstrated the loss of a plasmid, and 5 of 29 outbreak-related isolates had an altered plasmid profile. Both the loss of plasmids, as suggested in set C (SC-11), and the acquisition of additional plasmids, as in set B for isolates SB-01 and SB-16, posed problems. The latter two strains were identified in the present study as being outbreak related by nine typing techniques, but were called unrelated in the original outbreak investigation since the patients were not hospitalized during the outbreak period and the strains showed additional plasmid DNA. Thus, while these isolates were deemed to be unrelated to the cluster epidemiologically, they appeared to be related in terms of their other characteristics. Whether further studies would have been able to establish an epidemiologic link among these patients outside of the hospital is unclear. To determine more precisely the loss or acquisition of a plasmid during the course of an epidemiologic study, plasmid restriction analysis can be supplemented with examination of unrestricted plasmid preparations.
RFLP typing with a variety of DNA and RNA probes has been used with increasing frequency to type bacterial strains. The most widely applicable procedure is ribotyping (5) , although some investigators have questioned its effectiveness for differentiating among isolates of methicillinresistant S. aureus (35) . In our study, two different laboratories performed ribotyping, each using a slightly different probe and different restriction enzymes to digest the DNA. The results highlight some of the potential limitations of this procedure. Ribotyping with ClaI digests of DNA probed with a cloned Escherichia coli ribosomal operon was the only technique that identified all 29 outbreak-related isolates, but it was also one of the least discriminatory techniques, assigning strains from outbreaks II and III to the same type and misclassifying 7 additional isolates as outbreak related. The use of labeled rRNA to probe Hindlll digests was slightly less consistent than ClaI ribotyping, but it misclassified an equal number of isolates.
Differences in ribotype and in RFLP and IS typing results generally reflect random DNA mutations that alter the distribution of restriction sites within and adjacent to the loci being probed. Such changes are relatively infrequent within bacterial rDNA operons and other coding sequences, but are more common in noncoding flanking regions (35) . As with many other typing systems, however, the most appropriate criterion for interpreting ribotype banding patterns remains unresolved. In a study by Blumberg et al. (5) , ribotypes that varied in the size of a single band were considered to represent different strains. In our study, we assigned ClaI and HindIII ribotypes that differed by a single band to subtypes. Such differences in interpretation may account for some of the differences in the results.
Immunoblotting is a technique that is relatively easy to perform (41) , is widely applicable to many bacterial species, and, as shown here, was successful in differentiating outbreak-related from unrelated strains as long as the subtype data were ignored. However, a stricter interpretation of results, which would not classify DI and D2 or A5 and A6 as similar, would result in a much lower degree of sensitivity. Thus, the method used for interpretation of the blots is the key to this technique, since the banding patterns produced are complex and may be difficult to interpret by individuals who do not perform Western blots routinely. The requirement for human serum for the Western blots is another disadvantage.
As the use of PCR becomes more widespread in clinical laboratories, the use of typing techniques based on this technology may become more appealing. Saulnier et al. (36) have reported that results generated by PCR by using a random priming technique are less discriminatory than PFGE. However, it is possible that other primers or different amplification conditions may yet prove to be useful. Although we did not undertake arbitrarily primed PCR in our study, we investigated restriction analysis of amplified DNA generated by PCR amplification of coagulase gene sequences. This technique was highly sensitive in detecting outbreak-related strains (28 of 29); however, it failed to exclude eight of the nonrelated isolates from the clusters. The low number of types seen within the study (total of seven) is a disadvantage. If the number of bands generated by restriction analysis could be expanded by the use of other enzymes, the technique may be more useful.
Although many of the reports of strain typing focus on methicillin-resistant S. aureus, methicillin-susceptible isolates remain a common cause of nosocomial infections. For that reason, both methicillin (oxacillin)-susceptible and methicillin-resistant isolates were included in the present study. Two additional Southern blot methods were tested in the current study, one that used IS4311257 sequences as probes (IS typing) and another that used a collection of four probes (RFLP typing). These techniques were primarily designed to type methicillin-resistant strains and proved to be relatively effective with such isolates. However, these methods were ineffective with methicillin-susceptible strains, which, by definition, lack the mec gene, carry the aph(2")-aac(6') gene only infrequently, and carry TnS54 or IS431/257 rarely (22) .
This emphasizes the importance of choosing the typing techniques that are most appropriate for examining isolates. In this case, probes directed at mobile genetic elements that can be plasmid associated [e.g., IS431/257, TnS54, and aph(2")-aac(6')] may show pattern differences that reflect changes in plasmid content rather than true strain differences. Such plasmid-related changes may explain the various results obtained by these methods for some outbreak isolates (e.g., SC-11) or replicates (SA-02 and SA-15).
The diversity detected by each individual probe was relatively limited; only two mec genotypes, three TnS54 genotypes, four agr genotypes, and two gentamicin resistance genotypes were observed among the isolates tested. Thus, the additional discriminatory power achieved by using multiple probes must be offset by the extra cost and effort involved. The final two methods used in the present study, FIGE and PFGE, were developed for resolving large (50-to 700-kb) fragments of DNA obtained by digesting whole-cell DNA with restriction enzymes that cleave DNA infre-VOL. 32, 1994 on October 19, 2017 by guest http://jcm.asm.org/ Downloaded from quently. This general approach has proved to be useful for a wide variety of bacterial species (27) . PFGE has been recommended as the typing method of choice for methicillinresistant S. aureus by several groups of investigators (6, (35) (36) (37) 40) , although FIGE also has its supporters (44) .
In the present study, in comparison with PFGE, FIGE misclassified fewer nonrelated strains, differentiated subtle differences among the 47/54/75/77/83A strains, but excluded one of the outbreak III isolates (SC-11). Given that both techniques used the enzyme SmaI, the differences in results are intriguing but may reflect the ability of FIGE to resolve differences in smaller fragments, differences in interpretation, or spontaneous variation among organisms from the same culture. The fact that both methods can be used to type virtually all bacteria and yeasts is a major advantage in choosing one of these technologies for the clinical laboratory. The major issue with the electrophoretic techniques, as with most typing techniques, is the lack of standards for interpreting the results. While Prevost and coworkers (35) attempted to address this issue by setting up criteria for interpretation of pulsed-field gels, few other investigators have followed these rules. Until standardized rules of interpretation are published, the same data may be interpreted in different ways by different investigators.
MLEE is a technique frequently used for studying populations of organisms, but it is rarely, if ever, used in the clinical laboratory (38) . In our study, only 12 enzymes were used to type the isolates, and we arbitrarily chose a genetic distance of 0.1 to indicate strain differences. In fact, the 12-enzyme set worked well and was able to differentiate most outbreak-related from unrelated isolates. However, the time and labor involved in this technique do not make it practical for use in the routine outbreak investigations that would be undertaken in a clinical laboratory.
In summary, we analyzed the typeability, reproducibility, discriminatory power, ease of use, and ease of interpretation of 12 typing methods by using a well-characterized collection of 60 staphylococcal isolates. No typing method clearly prevailed among the others, and ultimately, a combination of two methods may be most efficacious. One method that would be sensitive enough to include all potential patients or sources may be used for screening isolates early in an epidemiologic study, and another method for detailed strain differentiation may be used later. The choice depends on the resources available to the laboratory and the level of expertise of the personnel involved in the testing. Microbiologists should not expect physicians or infection control personnel to interpret strain typing data without assistance. Thus, the strengths and weaknesses of the techniques used should be understood before any results are generated.
